Subsequently, the optimal traffic light length can be determined according to the local traffic and predicted traffic data. Simulation results demonstrate that the proposed scheme can achieve much higher performance, in terms of throughput and average waiting time. We also implement proposed scheme into our WSN-based ITS project, iSensNet, and the result shows that our scheme is effective and practical.
INTRODUCTION
Traffic congestion is a huge problem nowadays, due to the rapid increase in the demand for transportation and limited resources provided by traffic infrastructures. The result is longer vehicle travel times, increased energy consumption, growing environmental pollution, reduced traffic safety, and a decrease in the efficiency of transportation infrastructure. Hence, controlling traffic has become a very important issue under a growing pressure to relieve traffic congestion.
Traffic control is an important component of Intelligent Transportation Systems (ITS). ITS refers
to a system that integrates advanced communications, information, and electronics technologies into transportation infrastructure and vehicles, to relieve traffic congestion, improve safety, and reduce transportation times and fuel consumption. Controlling traffic lights plays a key role in increasing traffic throughputs and reducing delays. When scheduling traffic lights, current traffic conditions should be considered as they can significantly affect the control scheme. Hence, the collecting real-time traffic data is a very important issue.
Conventional methods of traffic data collection have limitations. These include limited coverage due to a sensor's fixed-location installations and the cable-based communication methods used to transmit the detected traffic information, which increases the costs of implementation and maintenance [1] [2] . Based on these drawbacks, it is necessary to search for another way to monitor traffic conditions. With the continuing development of Wireless Sensor Networks (WSNs), which use wireless sensor nodes for surveillance and communication, the possibility of overcoming these drawbacks is increasing. Because of flexibility in deployment and various functions, WSN has numerous potential applications. These typically include environmental monitoring, industrial monitoring, machine health monitoring, and tracking or controlling [3] [4] [5] [6] [7] [8] . Under the guarantee that all of the traffic data in the whole network range can be measured, using sensor nodes can overcome the shortcomings mentioned above [1] . Therefore, we apply WSN into ITS to provide real-time traffic data and enhance traffic safety.
Traffic light control refers to a strategy to schedule the traffic lights to ensure traffic can move as smoothly and safely as possible. Different control strategies have different performances. The performance criteria include vehicle throughputs, waiting times, and so forth. An optimal control strategy can increase the utilization of infrastructure, improve traffic safety, and reduce energy consumption. Most current traffic light control approaches use one of three control types: fixedtime, actuated, or adaptive. Regarding the strategy to control traffic lights, a number of apparent difficulties should be taken into account [9] . They include the increasing size of the problem for a large traffic network, the limited coverage of traffic detection, and many unpredictable disturbances which are difficult to measure, such as traffic incidents and illegal parking. The combination of these difficulties makes it harder to design a traffic light control strategy with the purpose of achieving an optimal real-time schedule, especially when the traffic network is large enough, since the coordination between adjacent intersections also should be taken into account.
A large number of traffic light control approaches have been proposed in the past decades, most of them [10] , [11] , [12] , [13] , [14] , [15] do not deal with the traffic lights sequence adjustment when scheduling traffic lights, which is also a challenging issue in adaptive traffic light control.
The lights sequence adjustment can reduce average delays and improve throughput, especially in traffic fluctuation conditions. Most traffic light control approaches use a fixed sequence with optimization on the length of the traffic lights. Furthermore, some of them usually take minimum average waiting time and the number of stopped vehicles as objectives, while failing to consider throughput. In addition, many of the approaches [12] [16], [17] , [18] , [19] , [20] , [21] employ artificial intelligence, such as a neural network, and learning and genetic algorithms, to optimize the decision making of the traffic light control. Due to the number of iterations, more computation time is incurred. In addition, many existing works pay little attention to the characteristics of traffic flow, especially when dealing with the discontinuous traffic flow; and few works mention traffic light solutions for special traffic circumstances, such as ambulances, fire engines, or traffic accidents.
Taking advantage of real-time traffic data that is detected and transmitted through wireless communication technology, we propose an adaptive traffic light control scheme which can dynamically control traffic lights so that the green lights sequences and durations can be adapted to a dynamically changing traffic environment, while achieving more attractive performance in terms of network throughput, average waiting time compared with previous works. The proposed scheme can adjust both the sequence and length of the traffic lights in accordance with the realtime traffic detected. A number of traffic factors have been taken into consideration, such as traffic volume, waiting time, vehicle density, and others, to determine the green light sequence and the optimal green light length. We conduct simulations to evaluate the performance Binbin Zhou, Jiannong Cao and Jingjing Li, AN ADAPTIVE TRAFFIC LIGHT CONTROL SCHEME AND ITS IMPLEMENTATION IN WSN-BASED ITS 1562 compared with previous solutions. Our extensive simulation results demonstrate that our scheme produces much higher throughputs and lower average waiting times for vehicles, compared with a fixed-time traffic light control and an actuated traffic light control [13] . Furthermore, we apply the proposed approach into our WSN-based ITS platform iSensNet, and define several traffic scenarios to evaluate the performance. A demonstration [22] with different types of traffic conditions shows that our approach is effective and can be practical in our platform.
The remainder of this paper is organized as follows. In Section II, we briefly discuss the previous works on traffic light control. In Section III, we model the problem and define some notations. In Section IV, we propose an adaptive traffic control scheme to detect traffic conditions, and then determine the sequence and length of the green lights. In Section V, we evaluate the performance of our scheme through simulations. We implement the proposed scheme to our WSN-based ITS project iSensNet in Section VI. In Section VII, we present our conclusions and discuss future works.
II. RELATED WORK
There has been considerable works on traffic light control optimization. In the past, there emerges a number of well-known traffic light control systems, SCOOT and SCAT are two most implemented systems worldwide. SCOOT [2] , [18] , [23] is a centralized traffic responsive system to coordinate traffic lights in a fixed green light sequence in urban areas as an automatic respond to traffic flow fluctuation. SCATS [12] , [24] is another widely used system which can provide intelligent pre-defined traffic plans to schedule the traffic lights, which coverers various traffic situations such that can offers substantial reduction in vehicle delay and particularly in peak periods.
There are also a lot of studies using some techniques, such as fuzzy logic control, neural network, genetic algorithm and so forth. Fuzzy logic has been the pioneers to be applied in traffic control by Pappis and Mamdani [25] . They considered an un-saturated isolated intersection with simple one-way traffic control with green light length extension optimization. Chiu and Chand [22] , [26] considered a two-way streets intersections, in which fuzzy rules were used to adjust cycle time, phase split and offset parameters independently based on local traffic condition.
The first known attempt to apply reinforcement learning in traffic light control problems was by Thorpe [11] [27]. They considered a single intersection with two phases, north-south permission and east-west permission. Thorpe used a neural network to predict the Q-values for each possible decision, based on the total waiting time of all vehicles and the time since the lights last changed.
Thorpe also considered a simple traffic network with 16 one-lane four-direction intersections [28] , in which SARSA was used to represent the current traffic state and train intersection controller.
The first attempt of applying GA to traffic light control was by Foy et al. in [29] , which considered a traffic network with four intersections with purpose to minimize the delay. Chen and
Shi applied a real-coded genetic algorithm (RGA) to an isolated two-way intersection with multiple lanes [3] , in which a traffic flow model was designed and then RGA was used to optimize the green times and cycle time in order to minimize the throughput.
Bingham [30] considered an isolated intersection with two one-way streets in which a fuzzy logic controller was designed to generate continuous action candidates to represent the possible extension duration of current green light. And then, a fully connected feed-forward neural network was designed to compute the value of each state, such that the candidate action with the greatest value can be selected as the decision.
Choy et al. [31] , [32] proposed a distributed, cooperative approach to manage the real-time traffic in an arterial network by using a hybrid multi-agent system involving an effective traffic light control strategy. The authors also proposed another multi-agent system approach to real-time traffic light control problem in urban traffic network [28] , with one more multi-agent system designed by integrating the simultaneous perturbation stochastic approximation theorem in fuzzy neural networks to update the weight of each neuron.
III. PROBLEM FORMULATION AND NOTATIONS
The common traffic network structure in real world consists of multiple inter-connected intersections. Here, an important factor should be taken into account, the distance between two adjacent intersections. When the distance is long, the influence would be small, and can be almost ignored under the real-time detection and advanced wireless communication technology.
This situation can be treated as traffic light control in another type of isolated intersection. Hence, we investigate the high performance of adaptive traffic light control in this type traffic network. Therefore, in the face of a dynamically changing traffic environment, the problem is transformed into a decision on which case should obtain a green light next in each intersection and for how long the light should last. In order to maintain fairness for each case in each intersection, we define two upper bounds [33] : maximum vehicle waiting time and the upper bound of the hunger level.We define the notations in Table I , and assume that all vehicles have the same constant speed, and the sensor node used should be the same type.
IV. ADAPTIVE TRAFFIC LIGHT CONTROL SCHEME
The What needs to be considered with blanks is dealing with the problem that arises when a blank reaches the intersection and the current green light is for its lane, which leads to a waste of a green light. This means that, within the a period of time equal to the length of this blank L(blank), the number of vehicles passing through the intersection is not as large as supposed, so that there is an increase in the total waiting time of vehicles in other lanes. Therefore, we try to release the blank by making the blank reach the intersection with the red light for that certain lane.
b. Green Light Sequence Determination
The second step is to make a decision to determine the sequence of green lights, using real-time traffic data. In order to make this decision, we define GLD(k, t) to indicate case k's green light demand at time t, so that the case with the most urgent demand should get the next green light.
Since our objectives are to maximize the throughput and minimize the average waiting time, the number of vehicles detected in each lane, their corresponding waiting times, and the blank circumstance are influential factors. To guarantee that each case will not wait too long, it is also necessary to take the hunger level into account in determining the sequence of green lights.
Furthermore, special circumstances and the effect from adjacent intersections can also play a role.
Equation 5 demonstrates all of the factors of GLD(k, t).
GLD(k, t) = 1 × TV (k, t) + 2 × WT (k, t) + 3 × HL (k, t) + 4 × BC (k, t) + 5 × SC (k, t) + 6 × Neibor (k, t)(5)
Here, TV(k, t), WT(k, t), HL(k, t), BC(k, t), SC(k, t), Neibor(k, t) are defined as the weight of the traffic volume, average waiting time, hunger level, blank circumstance, special circumstance, and influence from neighboring intersections of case k at time t, respectively, and a i is defined as the coefficient of these parameters to demonstrate their priorities, i = 1, 2, 3, 4, 5, 6. In our problem, since the distance between two intersections is longer than SensorDistance, Neibor(k, t) can be ignored in this problem. Therefore, we discuss the five main factors sequentially.
(1) Traffic Volume TV has more influence in decision-making.
After the VDDF(d, RM(t)) calculation, we can calculate the weight of the traffic volume of each case. To calculate TV(k, t), we first need to obtain TraVol(i, t), which is defined as
(2)Waiting time ( , ) = 0 (10)
The hunger level HL(k, t) is defined to guarantee fairness. It can be determined by the number of times case k has a green light, which is represented by N(k, t), k ∈ C, in equation 14. The more times the case previously got green lights, the lower its current hunger level; the fewer times the case previously got green lights, the higher its current hunger level. Output: decision which case should obtain green light. Since it is hard to distinguish the difference between ATC and our scheme in Fig. 4 , we enlarge the two solutions performance in Fig.5 . Our approach obtains less average waiting time than ATC, especially when volume-to-capacity is 0.3.
Finally, from the simulation results, we can find that our proposed approach can achieve higher throughput and lower average delay compared with the optimal fix-time traffic control and an actuated traffic control.
VI. IMPLEMENTATION
In order to approach to real world application, we implement our proposed approach into our Similarly, there also exist two constraints, maximum vehicle waiting time at the intersection and hunger level of all cases, which could be considered as system fairness.
The working process is designed like this: With the working process repeating, it is practical for the traffic light control system to run properly and adaptively using our proposed approaches.
c. Demonstration
From Fig. 9 , we can observe the case sequence adjustment. Except the above three scenarios, we also define more complex traffic situations to evaluate the performance. A demonstration [22] with different types of traffic situations shows that our approach is effective and can be practical in our platform.
VII. CONCLUSIONS AND FUTURE WORK
In this paper, we have addressed how to design adaptive traffic light control approach for WSNbased ITS. Extensive evaluations, including simulations and implementations, have been conducted to examine the performance of our proposed approach. The results show that our objectives are well fulfilled, and can outperform the previous approaches in terms of throughput and average delay.
